Streptococcus cremoris was grown in pH-regulated batch and continuous cultures with lactose as the energy source. During growth the magnitude and composition of the electrochemical proton gradient and the lactate concentration gradient were determined. The upper limit of the number of protons translocated with a lactate molecule during lactate excretion (the proton-lactate stoichiometry) was calculated from the magnitudes of the membrane potential, the transmembrane pH difference, and the lactate concentration gradient. In cells growing in continuous culture, a low lactate concentration gradient (an internal lactate concentration of 35 to 45 mM at an external lactate concentration of 25 mM) existed. The cell yield (Yni,ct.) increased with increasing growth pH. In batch culture at pH 6.34, a considerable lactate gradient (more than 60 mV) was present during the early stages of growth. As growth continued, the electrochemical proton gradient did not change significantly (from -100 to -110 mV), but the lactate gradient decreased gradually. The H+-lactate stoichiometry of the excretion process decreased from 1.5 to about 0.9. In nongrowing cells, the magnitude and composition of the electrochemical proton gradient was dependent on the external pH but not on the external lactate concentration (up to 50 mM). The magnitude of the lactate gradient was independent of the external pH but decreased greatly with increasing external lactate concentrations. At very low lactate concentrations, a lactate gradient of 100 mV existed, which decreased to about 40 mV at 50 mM external lactate. As a consequence, the proton-lactate stoichiometry decreased with increasing external concentrations of protons and lactate at pH 7.0 from 1.8 at 1 mM lactate to 1.1 at 50 mM lactate and at pH 5.5 from 1.4 at 1 mM lactate to 0.7 at 50 itM lactate. The data presented in this paper suggest that a decrease in external pH and an increase in external lactate concentration both result in lower proton-lactate stoichiometry values and therefore in a decrease of the generation of nmetabolic energy by the end product efflux process.
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In the past decade it has become evident that the electrochemical proton gradient (Ap), or proton motive force, plays a very itnportant role in bacterial metabolism and growth. According to the chemiosmotic hypothesis of Mitchell (19, 20) , a Ap is generated by the translocation of protons from the bacterial cytoplasm to the extracellular medium. Ap is composed of an electrical component, the transmembrane potential difference (A*), and a chemical component, the transmembrane pH difference (ApH), as shown by the equation Ap = A*p -ZApH (measured in millivolts), where Z equals 2.3 (RTIF) and R, T, and F have their usual meanings.
In bacteria this Ap can be generated by the translocation of protons from the cytoplasm to the external medium, coupled to ATP hydrolysis, electron transfer chain activity, or end product excretion. The latter mechanism for Ap generation was first recognized in 1979 by Michels et al. (18) . They proposed the energy-recycling model which postulates that carrier-mediated excretion of metabolic end products can occur in symport with protons and can result in proton translocation and therefore in Ap generation. This energyrecycling model describes the reverse situation of substrate uptake via a secondary transport system. During solute uptake, the energy present in Ap is used to drive the accumulation of substrate into the bacterial cell, whereas during end product excretion the energy in the product concentration gradient is used to generate an electrochemical proton gradient. Assuming that during growth the overall driving force for lactate transport (n -1)Aq -nZApH + (Af1ac/F) (1) is close to zero, n (the H+-lactate stoichiometry for lactate translocation) can be calculated from A+J, ApH, and Ap4ia,/F (the chemical gradient of lactate, expressed in millivolts) by the formula Adsi -(A5±iac/F) ( 
2) Ap
H+-lactate stoichiometry during lactate uptake in E. coli membrane vesicles appears to be dependent on the external pH, as was conclu,led both fromn the steady-state accumulation ratio (29) and from the initial uptake rates (34) , and varies between I at pH 5.5 and 2 at pH 7.5. This phenomenon of a pH-dependent stoichiometry has been observed for a number of other transport systems (11) . Otto et al. (25) demonstrated that lactate transport in resting cells of S. cremoris was electrogenic at pH 7.0 (n > 1) for both the uptake and the egcretion process. In a previous publication (35) , ten (32) determined the H+-lactate stoichiometry during lactate influx in S. faecalis from the initial rates of proton and lactate influx. They also observed a marked effect of the pH on the value of n: at pH 7.5 n = 2, and at pH 6.5 n = 1.
In this paper we have studied H+-lactate stoichiometry during efflux in both growing and glycolyzing cells of S. cremoris. The results clearly demonstrate that the external proton and lactate concentrations strongly influence the value of n.
MATERIALS AND METHODS
Culture conditions. S. cremoris Wg2, from the Dutch Institute of Dairy Research (Nederlands Instituut voor Zuivelonderzoek, Ede, The Netherlands), was routinely maintained in 10% (wt/vol) skimmed milk and stored at -20°C. Precultures were made by transferring the organism from the milk culture to a complex MRS medium (2) containing 4 g of lactose per liter, followed by overnight incubation at 30°C.
For the continuous culture experiments, some of the preculture was transferred to chemically defined RFP medium as previously described (26) or to MRS medium. Lactose (2.5 g/liter) was added to both media as the sole energy source. Chemostat cultures were grown anaerobically under an N2 atmosphere in glass fermentors with a working volume of 170 ml at 30°C and controlled pH, as described previously (13) .
The batch growth experiments were started with a 5 to 10% inoculum of precultures in MRS mediumn containitig lactose (3 g/liter) as the sole energy source. The cultures were grown as described previously (35) , but the medium pH was controlled by using 1 N NaOH.
Preparation of cell suspensions. For experiments with nongrowing cells, the cells were starved in growth medium for 1 h at 30°C after the stationary phase had been reached and subsequently collected by centrifugation (10 min, 1,000 x g). The cells were washed twice with and then suspended in 100 mM potassium phosphate buffer of the appropriate p containing 10 mM MgSO4 and supplemented with potassium lactate (0 to 50 mM) and KCI (50 to 0 mM). The sum of the potassium lactate and KCI concentrations was always 50 mM. If necessary, ionophores (dissolved in ethanol) were added. The ethanol concentration after addition of the ionophores did not exceed 0.5%. The cells were incubated for 1 h at room temperature in these buffers, and the protein concentration of the final cell suspension was 200 to 300 ,ug/ml. To start glycolysis in these resting cells, lactose was added (final concentration, 2 g/liter).
Measurement In the chemostat culture experiments, the accumulation ratios of benizoate and TPP+ were determined by.the filtration technique described previously (26) . Samples were drawn from the culture vessel and filtered within 15 to 20 s.
In the batch growth experiments, the accumulation ratios were determined with the silicone oil centrifugation, technique described previously (35) , but with the following alterations: (i) larger microfuge tubes with a capacity of 2.5 ml were used, (ii) 1.4 ml of culture sample was centrifuged (3 min, 12,000 x g) over 0.7 ml of silicone oil (final density, 1.03 g/ml), and (iii) cells were collected in 0. the radioactivity in the supernatant and PCA fraction as described previously (35) . The amdunt of bound TPP+ was determined with cells that had been deenergized by treatment with valinomycin (1 ,uM) and nigericin (0.2 ,zM). Measurement of the lactate gradient. The internal and external concentrations of L-lactate were determined essentially as described previously (35) . Portions of the cells were centrifuged (3 min, 12,000 x g) over silicone oil (final density, 1.03 g/ml), and the cells plus the adhering water were collected in 11% PCA. After centrifugation, samples were taken from the supernatant and the PCA fraction and assayed enzymatically (4) for L-lactate.
Protein determination. The protein concentration of the cell suspensions was determined by the method of Lowry et al. (15) , using bovine serum albumin as the standard.
Bacterial dry weight. The dry weight of the cell suspensions was determined from organic carbon, measured with a carbon analyzer (model 915 A; Beckman Instruments Inc., Fullerton, Calif.), by multiplying the organic carbon values by a factor of 2.
Calcuiations. Accumulation ratios were calculated by using an ihtracellular volumne of 3.8 pd/mg of cell protein. The intracellular volume, determined as described previously (35) , was approximately the same in chemdstat and batch cultures and did not vary with the extracellular pH or growth rate. Accumulation ratios were converted into millivolts by using a Z value of 60 at 30°C.
RESULTS
Effect of external pH on the cell yield of S. cremoris grown in chemostat culture. If the H+-lactate stoichiometry is influenced by the medium pH, as suggested previously (35) , the amount of energy produced during lactose fermentation and lactate excretion should vary. This should be reflected in an increased production of cell material per mole of lactose consumed under conditions of high stoichiometry (i.e., at a high pH). We determined the Y,Ia,J5J on lactose, corrected for maintenance requirement, expressed in grams [ The specific growth rate (ix) is equal to the dilution rate of the continuous culture. The values of YI a'catose and me were calculated with equation 3 from the data shown in Fig. 1 ( Table 1 ).
The Yjaatose value increased significantly with increasing pH. It was about 12% higher at pH 7.0 than at pH 5.7. The fermentation pattern did not vary significantly at the different growth rates. At all three pH values investigated, 90 to 95% of the lactose was fermented to lactate over the range of dilution rates.
Proton motive force and lactate gradient in chemostat culture. The composition of the growth media used in the chemostat experiments was such that lactose was always the growth-limiting nutrient. Since lactose was the sole energy source, energy starvation, which could lead to changes in A+i, ApH, or both, could occur immediately after sampling.
In a previous publication (26) we demonstrated that both components of the electrochemical proton gradient remained constant for about 1.5 min after sampling. In the experiments described below, the entire sampling and filtration procedure took less than 20 s. The membrane potential of S. cremoris cells growing on a chemically defined medium at a fixed dilution rate of 0.17 h-' was between -85 and -105 mV in the pH range 5.6 to 7.5. On the other ,hand, the ApH did vary drastically with the external pH. At pH 5.6, ca. -70 mV of transmembrane pH difference was measured, and this ApH decreased when the culture pH increased. At pH 7.5, the ApH was absent. As a result of these changes, the Ap decreased from -170 mV at pfH 5.6 to -100 mV at pH 7.5.
In the pH range studied, the extracellular concentration of lactate in the culture vessel was about 25 mM, whereas homolactic fermentation of the added lactose would have resulted in a lactate concentration of 27 mM. The internal lactate concentration varied between 32 and 44 mM. Thus, the lactate gradient was less than 15 mV.
The components of Ap and the lactate gradient in chemostat cultures grown on MRS medium were also measured. As in chemically defined medium, the ,4 was approximately constant in the pH range studied; also, the ApH was high at low pH and absent at high pH. In the rich MRS medium, which contained 4 mM acetate, the ApH was significantly lower over the whole pH range than it was in chemically defined medium (at pH 5.6, it was ca. 30 mV lpwer), whereas the Al had about the same value (ca. -10 'to -110 mV).
The lactate gradient in the MRS medium was also very low; the internal lactate concentration varied between 40 and 60 mM, and the external lactate concentration was ca. 33 mM at pH 5.7 to 7.3. The external lactate concentration was somewhat higher than in the experiments wfth chemically defined medium, since the MRS medium itself contained 6 mM lactate.
Pr6ton motive force and lactate gradient in pH-regulated batch cultures. To investigate whether the apparent discrepancy in the magnitude of the lactate gradient between batch and continuous cultures was the result of the difference in the external concentration of lactate, we meas4red At,, ApH, and the lactate gradient in pH-controlled batch cultures 'of S. cremoris at growth pHs of 6.34, 6.65, and 6.88. The results for growth at pH 6.34, which is optimal for S. cremoris, are shown in Fig. 2 . Growth and lactate production proceeded exponentially; the growth rate was 0.385 h-1, and lactate was produced at a rate of about 1,000 nmol min-' mg of protein-'. After about 8 h growth stopped because all of the energy source, the lactose, had been consumed. During growth the external lactate concentration increased from 8 to 38 mM ( Fig. 2A) . At the beginning of the growth experiment, the internal lactate concentration was ca. 70 mM and a oonsiderable lactate gradient (ca. 60 mV) was present. As growth propeeded, the internal lactate concentration gradually decreased, until at the end of the growth period the internal land e*ternal concentrations were about equal. As a consequence, the lactate gradient decreased from 60 toO0 mV during growth (Fig. 2A) .
The cytoplasmic pH was constant (pH 6.8) during growth, giving a ApH of about -20 mV (Fig. 2B) . Immediately. after growth ended, the ApH disappeared completely. The,A&J was -70 mV at the beginning of growth and increased slowly to ca.' -t95 mV during the last phase of exponential growth (Fig.  2B) . The,Air also collapsed completely when the'lactose was exhausted and growth ceased. The total proton motive force (A&p), the sum of ApH and Air,, increased during growth from -90 to -115 mV (Fig. 2B) . Assuming that the driv'ing force for lactate translocation (equation 1) is close to zero, the He-lactate stoichiometry during lactate excretion (n) can be calculated from the data shown in Fig. 2 by using equation 2. Since the external lactate concentration was the environmental parameter that varied most during growth, we plotted the calculated values for n as a function of the external concentration of lactate (Fig. 3) . The apparent stoichiometry decreased with the external lactate concentration from 1.44 at 8 mM lactate to ca. 0.9 at 38 mM lactate.
A similar experiment at pH 6.88 yielded similar results: at the beginning of growth a high lactate gradient was present which decreased during growth (data not shown). At pH 6.88 no ApH was present, and the change in & was similar to that shown in Fig. 2B . Calculation of the n values revealed that at pH 6.88 the increase in the external lactate concentration also resulted in a decrease in n. However, the absolute values of n were higher at pH 6.88 than at pH 6.34 over the entire lactate range (1.8 at 8 mM lactate, 1.05 at 40 mM lactate).
Experiments with nongrowing cells. The cell suspension, prepared as described above, was used to study the H+-lactate stoichiometry in S. cremoris. Immediately after the addition of lactose, lactate was produced at a constant rate of about 350 nmol min-1 mg of protein-', and both components of Ap were generated (Fig. 4) (Fig. 5) and with 30 mM lactate in the buffer (Fig. 6) . In both experiments the same effect of the external pH on ApH and A, was observed ( Fig.  SA and 6A ). The ApH was low (ca. -20 mV) at pH 7.0 and increased gradually with decreasing external pH; at pH 5.5 the ApH was ca. -70 mV. These results indicate that the internal pH varied between 7.3 and 6.7 at external pHs of 7.0 and 5.5, respectively. The pH dependence of the membrane potential (A4) was quite different: A4i was -80 mV at pH 7.0 and decreased with decreasing pH to ca. -50 mV at pH 5.5. As a result, the total Ap increased from -100 mV at pH 7.0 to -120 mV at pH 5.5 ( Fig. SA and 6A (Fig. 6B) . At the low external lactate concentration, the internal lactate concentration increased from 60 mM at pH 7.0 to 70 mM at pH 5.5. The lactate gradient (ApLiacIF) was rather high in these experiments and varied between 85 and 95 mV (Fig. 5B) . At the high external lactate concentration also, the internal lactate concentration was somewhat higher (70 mM at pH 7.0 and 100 mM at pH 5.5), but the lactate gradient was much smaller and varied between 20 and 33 mV (Fig. 6B) .
From the data on /v+, ApH, and A,IlacF, the H+-lactate stoichiometry (n) can be calculated by using equation 2. Figure 7 shows the effect of the external pH on the n values calculated from the data shown in Fig. 5 As a consequence, a high lactate gradient (close to 100 mV) was present at a low external lactate concentration, and this ApliacIF decreased sharply with increasing external lactate concentration to 30 to 40 mV at an external lactate concentration of 50 mM. The n value decreased as the external lactate concentration increased, and a logarithmic relationship existed between these two parameters (Fig. 8) . At pH 7.0, n decreased from 1.85 at a very low external concentration to 1.1 at a concentration of 50 mM. At pH 5. An effect of the medium composition on the Ap was also observed by Kashket et al. (10) for the closely related species S. lactis. The Ap was lower in rich medium than in chemically defined medium. However, for S. lactis this was the result of a lower Alp, whereas in our experiments with S. cremoris the lower value of Ap in rich medium was the result of a lower ApH. This indicates the important effects of the medium composition on the Ap (17) . The K+ and Na+ concentrations and the presence of weak acids appear to be important parameters in the final magnitude and composition of the Ap in bacteria (12, 17, 27) .
In contrast to our expectations, we could not measure a high lactate gradient in S. cremoris cells growing in the chemostat at about pH 7.0 (in previous experiments in batch culture without pH control, a considerable lactate gradient was measured at pH 6.8 [35] ).
It is possible that differences in the extracellular concentration of lactate cause the observed differences. This can also be concluded from the pH-regulated batch cultures. A high lactate gradient was present at the beginning of growth (at a low external lactate concentration), whereas during the last part of exponential growth (at a high external lactate concentration) only a very small lactate gradient could be observed.
We conclude that the H+-lactate stoichiometry (n) decreases with increasing external lactate concentration. The external pH also influences the magnitude of n. Increasing the pH results in higher values of n, as can be concluded from our pH-regulated batch culture experiments. Such an effect of pH on the H+-solute stoichiometry during solute translocation has been reported previously for a number of different solutes and microorganisms (11, 35) . The simplest explanation for this pH effect is that a proton dissociation step of the carrier occurs in the pH range studied (11 (Fig. 9) . This of course means that the observed H+-lactate stoichiometry (which equals the ratio between proton influx rate and lactate influx rate) decreases as the lactate concentration increases. In addition, n values significantly lower than 1 can occur here also (Fig. 9) .
The effects of the solute concentration on the H+-solute stoichiometry during excretion have not been reported yet. On the other hand, the effects of the solute concentration on final solute accumulation after uptake have been reported previously. In 1956, Monod and colleagues reported that increasing the external lactose concentration above a certain level did not affect the internal lactose concentration (30) ; in other words, the lactose gradient decreased with increasing external lactose concentration. Some 25 years later, these experiments were repeated, and the Ap was measured simultaneously (1, 37) . The lactose gradient indeed decreased with increasing external lactose concentrations, although the Ap remained nearly constant (1). These observations indicate that the H+-lactose stoichiometry in E. coli cells decreases with increasing external lactose concentration.
Effective stoichiometries (calculated from the forces during steady-state accumulation) lower than 1 have also been observed for the lactose transport system of E. coli cells. Values as low as 0.7 (1) and 0.5 (37) can be calculated. There are models available to explain these observations. The accumulation predicted by the mechanistic stoichiometry of 2 for the uptake pathway may not be reached because saturation and transinhibition will lower the rate of uptake. Transinhibition results from the fact that carriers are depleted at the outer (uptake) side when high internal concentrations hinder discharge and release of the carrier at the inner side (31) . These observations can also be explained by the simultaneous operation of a high-affinity uptake pathway where n 2 1 and a low-affinity efflux (or "slip") pathway with n < 1 (3, 5) , since at certain internal solute concentrations the driving force for the slip pathway is directed outward. As a consequence, the accumulation predicted by the mechanistic stoichiometry (of the uptake pathway) will never be reached. A detailed kinetic examination of this process by Ghazi and Shechter (3) suggests that the stoichiometries for influx and efflux are 2 and 0, respectively. However, the situation is more difficult in the experiments reported here. In the uptake experiments, there is an energy which makes possible the modulation of fluxes by the kinetic effects of saturation and inhibition. In the lactate excretion system of S. cremoris, the thermodynamic calculations give an absolute upper limit for n. Therefore, lactate excretion in symport with two protons seems thermodynamically impossible if the measured stoichiometry is smaller than 2, although it has to occur in order to explain the Aq formation by lactate excretion under certain conditions (24, 25) .
Of course, n values between 0 and 2 can also be explained by assuming that a group of carriers (or carrier subunits) operate simultaneously, as was suggested previously (7) , and mediate the translocation of protons (h) and lactate molecules (1), where n = hll. The phenomenon of cooperativity can then be used to explain why some individual carriers (or subunits) translocate 1 proton per lactate molecule and others 2 or 0 protons per lactate molecule. Only the average n value has to be taken into account in the energetic considerations.
We believe that it is not yet possible to explain all the effects of pH and lactate concentration on the proton-lactate stoichiometry (for instance, the logarithmic relationship). More detailed kinetic information on the lactate translocation processes and the mechanism of carrier action in general has to be obtained to understand completely all our observations. For the organism S. cremoris, it might be adaptive behavior to lower the H+-lactate stoichiometry at an increasing external concentration of lactate. If, for example, at pH 7.0 the stoichiometry were fixed at a value of 2, at an external concentration of 30 mM lactate (and A = -100 mV, ApH = -30 mV) lactate excretion could only occur if the internal concentration exceeded the unrealistically high value of 14 M (as can be calculated from equation 2). The existence of n values below 1 is energetically unfavorable for the S. cremoris cells; during glycolysis more protons are produced internally (1 proton per lactate molecule) than are excreted together with lactate, and the Ap will dissipate. To prevent acidification of the cytoplasm, the remaining protons have to be extruded from the cell at the expense of ATP.
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